The readers of The Plant Cell have been treated recently to a tour-de-force of electron microscopy and cell culture techniques with dazzling images of tomographic reconstructions of protein storage vacuoles (PSVs) in maize (Zea mays) aleurone cells . The authors deserve congratulations. present data to document that protein bodies comprised largely of alcohol-soluble prolamins are transferred from the endoplasmic reticulum (ER) to PSVs in maize aleurone cells. They demonstrate that aleurone PSVs contain protein body inclusions, arrays of membranes, membranes that appear as vesicles, and globoids. They also identify smaller structures that appear to be prevacuolar compartments. These are described as follows: "zeins are delivered to the aleurone PSVs in atypical prevacuolar compartments that seem to arise at least partially by autophagy and consist of multilayered membranes and engulfed cytoplasmic material…. Some of them resembled small ER protein bodies. They were~200 nm in diameter, were surrounded by a single membrane, and contained a central zein-rich aggregate often associated with one or more small globoids…. Other compartments were larger, ranging from 350 to 700 nm in diameter, with multiple layers of membranes and one or more zein-rich inclusions…. Most of these larger multilayered compartments also enclosed tubular membranes that contained structures that by size (18 nm) and electron density were interpreted to be ribosomes…." Because these appearances were interpreted to be consistent with the products of some type of autophagy, the presence of ATG8 in the prevacuolar organelles was evaluated but was not detected. The authors concluded that, "it is possible that the one described here in maize aleurone cells represents a specialized case of selective autophagy used to deliver storage protein aggregates from the ER to the PSV." While this is a possibility, another process by which membrane-containing vesicles bud from ER, function as prevacuolar organelles for PSVs, and deliver membrane arrays to PSVs has been well described in dicots. As Mother Nature doesn't waste good tricks, it seems likely that details of mechanisms involved in dicots may also pertain in maize and could well help explain the maize aleurone cell results. Perhaps it would be useful to readers of this elegant article if further perspective on the cell biology of the processes involved in dicots was provided and compared with results presented by Reyes et al.
BUDDING OF MEMBRANE-CONTAINING VESICLES FROM THE ER
It is well established in dicot embryo cells that two different simultaneously functioning pathways direct membrane proteins to developing PSVs: movement directly from ER to PSV prevacuolar organelles (HaraNishimura et al., 1998; Jiang and Rogers, 1998; Jiang et al., 2000; Oufattole et al., 2005) and transport via the Golgi apparatus to those prevacuolar organelles (Jiang et al., 2000 (Jiang et al., , 2001 Hinz et al., 2007) . The prevacuolar organelles, which are specific for the PSV pathway, are multivesicular bodies and fuse to developing PSVs, thereby releasing their contents into the PSVs (HaraNishimura et al., 1998; Jiang et al., 2000) .
The prevacuolar organelles contain electron-dense cores comprised of membranes and integral membrane proteins. They form by budding from the ER, and some information regarding the mechanism by which this occurs is available (Oufattole et al., 2005) . Two ER integral membrane proteins serve as markers for the process: SRC2 (for Soybean Gene Regulated by Cold-2) and VAP (for Vesicle Associated Protein). When transiently expressed in tobacco (Nicotiana tabacum) suspension culture protoplasts, At-SRC2, within 1 h after synthesis, moves from the surface of the ER membrane where it is protease sensitive to prevacuolar organelles (that cofractionate with vacuoles) where it is protected from protease activity. Thus, its presence in the ER is tightly coupled to the process of membrane internalization, and, as a result, it rapidly finds itself in membranes that are inside the prevacuolar organelles. By contrast, although At-VAP similarly moves from the ER to prevacuolar organelles, it remains on the exterior surface in both (Oufattole et al., 2005) .
Much is known about mechanisms involved in vesicle budding (Schekman and Orci, 1996; Robinson et al., 1998) and scission from the membrane (Jones et al., 1998) . In general, coat proteins assemble on the cytoplasmic face and deform the membrane, thus generating the nascent vesicle, which is tethered by a narrow neck. An energy-dependent scission step then cleaves the neck and seals the vesicle membrane, releasing it. Neither the identities of coat proteins nor the scission mechanism for releasing the vesicle/prevacuolar organelle from the ER are known. However, structural features of SRC2 and VAP indicate that they may participate in some way. VAP has its C terminus inserted through the ER membrane, with its N-terminal domain in the cytoplasm. The N-terminal sequence comprises a Major Sperm Protein domain (Laurent et al., 2000) . The Major Sperm Protein domain is the mechanism for mobility by nematode sperm amoebae; it undergoes pH-and ATP-dependent assembly into fibrils (Theriot, 1996) . Thus, assembly of VAP into fibrillar structures on the surface of a nascent vesicle could in theory push other membrane components into new locations or arrangements. SRC2 has a highly acidic C terminus inside the ER lumen, with the N-terminal cytoplasmic region comprising a calcium-regulated phospholipid binding domain called the C2 domain. These structural features could allow formation of parallel membrane lamellae, where C2 domains bind www.plantcell.org/cgi/doi/10.1105/tpc.111.092551
The Plant Cell, Vol. 23: 4168-4172, December 2011, www.plantcell.org 2011 American Society of Plant Biologists. All rights reserved. phospholipids on opposite membranes, while the acidic C termini interact with each other via divalent cation coordination (Oufattole et al., 2005) . A schematic of hypothetical mechanisms involved in budding of the vesicle from the ER is shown in Figure 1A . In this speculative scenario, VAP (blue) helps push SRC2 (red) to the site of vesicle scission, where it is internalized into the vesicle simultaneously with scission. It is important to note that the maize genome encodes multiple highly conserved sequences for SRC2 (e.g., NP_001149536.1 and ACG40316.1) and VAP (e.g., NP_001159187.1 and NP_001152594.1).
MEMBRANE-CONTAINING PREVACUOLAR ORGANELLES RECEIVE TRAFFIC FROM THE GOLGI
In prevacuolar organelles, At-SRC2 has been shown to colocalize with a recombinant membrane reporter protein (Re-F-B-a; Jiang and Rogers, 1998) that traffics directly from the ER to PSVs, bypassing the Golgi, and with a member of the Tonoplast Intrinsic Protein (TIP) family, Dark-Induced Protein (DIP; Jiang et al., 2000) . It is not known which pathway DIP follows to its destination on prevacuolar organelle internal membranes, but both DIP and Re-F-B-a similarly colocalize with an integral membrane receptor protein, RMR, that traffics to its prevacuolar destination via the Golgi apparatus (Jiang et al., 2000; Hinz et al., 2007) . This result indicates that the internal membranes generated when the organelle buds from the ER are the targets of other proteins brought to the organelle from the Golgi. The prevacuolar organelles contain both the electron-dense, membranederived core as well as a peripheral region containing vesicles (Hara-Nishimura et al., 1998; Jiang et al., 2000) , which in pumpkin (Cucurbita maxima) and castor bean (Ricinus communis) is the site of localization of glycoproteins with Golgimediated complex modifications to Asnlinked glycans (Hara-Nishimura et al., 1998) .
DELIVERY OF MEMBRANES FROM PREVACUOLAR ORGANELLES TO PSVS
The prevacuolar organelles then fuse with developing PSVs, releasing their contents to the interior where, in tobacco, the electrondense cores assemble to form the PSV crystalloid (Jiang et al., 2000) . PSVs in many plant species contain a well-defined crystalloid. However, although PSVs in members of the Brassicaceae lack a visible crystalloid, their PSVs also contain a network of internal membranes that are marked by the same membrane proteins found in tobacco crystalloids (Gillespie et al., 2005) . Thus, the morphologic absence of a crystalloid in a PSV does not, by any means, indicate an absence of internal membranes in that vacuole.
ADDITIONAL MEMBRANE-BOUND STRUCTURES INSIDE PSVS: GLOBOIDS
PSVs in tobacco, tomato (Solanum lycopersicum), and snapdragon (Antirrhinum majus) contain prominent globoids; these were best characterized in tobacco by means of immunofluorescence, immunoelectron microscopy, and protein characterization of isolated globoids (Jiang et al., 2001) . Globoids are contained within a single lipid bilayer membrane, but visualization of this membrane by electron microscopy required special tissue processing to ensure that the phytic acid crystal was dissolved prior to sectioning (Jiang et al., 2001) . Characterization of the globoid membrane indicated that it represented essentially a lytic vacuole within the PSV. The membrane contained g-TIP, the proton pump vacuolar pyrophosphatase and, in transgenic plants, was the destination of an integral membrane reporter protein specific for the Golgi to lytic vacuole pathway. In addition, the globoid contained the protease aleurain, which also is a marker for lytic vacuoles, transported there via the Golgi (Jiang et al., 2001 ). These findings are not unique to tobacco. Arabidopsis thaliana PSVs also contain globoids surrounded by a membrane-containing g-TIP, vacuolar pyrophosphatase, and the metal transporter NRAMP4 (Bolte et al., 2011) . It should be noted that this vacuole within a vacuole phenomenon may be widely present in plant cells. For example, see Figure 5I in Gattolin et al. (2009) , where, in vivo in an Arabidopsis root cell, vesicles with membranes carrying a TIP tagged with red are present within a central vacuole, the membrane of which is tagged with a different green TIP. As previously noted (Jiang (A) Hypothetical mechanism for budding of an SRC2-and VAP-containing vesicle from the ER membrane. Black, ER membrane; red, ER membrane where SRC2 is concentrated; blue, ER membrane where VAP is concentrated; yellow, ER luminal contents. In the middle step, unknown coat proteins have caused the membrane to deform into a nascent vesicle, where SRC2 is concentrated at the neck, and VAP is peripheral to SRC2 and is acting (indicated by blue arrows) to push SRC2-containing membrane such that it folds into the vesicle. At right, coincident with completion of SRC2 internalization, scission of the neck occurs and the vesicle is released. Because violation of membrane integrity (e.g., by initiating membrane internalization) would require energy, the model couples internalization with scission of the vesicle. However, alternatively, the two processes could be separate events.
(B) Hypothetical model for budding of a protein body (PB) into a vesicle, where SRC2 and VAP participate. Steps are similar to those described in (A), with the exception that the presence of the protein body distorts the distribution of the internalized membrane containing SRC2. et al., 2002), known mechanisms for autophagy would not readily explain the vacuole within a vacuole phenomenon.
COMPARISON OF THE DICOT ER-TO-PSV SYSTEM WITH FINDINGS BY REYES ET AL.
We will focus on prevacuolar organelles because they represent the fundamental functional unit of the ER-to-PSV pathway, a unit where mechanisms of origin can most easily be studied. The maize aleurone prevacuolar organelles contained zein-rich inclusions, multiple layers of membranes, globoids, and membrane-bound vesicles. In addition, many contained tubular membranes that contained ribosomes. These ribosomes were considered to be engulfed cytoplasmic material. However, no other cytoplasmic structures or organelles were identified within the prevacuolar organelles.
Consider Figure 1B . This is a hypothetical mechanism by which a protein body within the ER could be partitioned within a vesicle and released to form a prevacuolar organelle. The speculative mechanism uses SRC2 and VAP in a manner similar to that shown in Figure 1A . The resulting vesicle contains the zein-rich inclusion and layers of internal membranes. Because protein bodies may be localized in an ER region where rough ER membranes would be present, and because the mechanism by which SRC2-containing membrane is internalized could lack precision and pull in other, adjacent membrane, there is no reason why some of the internal membranes could not be associated with ribosomes. Once released into the cytoplasm, the vesicle now functions as a prevacuolar organelle and receives vesicle traffic from the Golgi. As a result, it acquires internal vesicles by an unknown mechanism. One of these types of internal vesicles is in the form of globoids. The prevacuolar organelle now fuses with a PSV, releasing its contents into the PSV lumen. This would result in a morphologic appearance fully consistent with that presented by Reyes et al. The facts that "the inclusions inside the aleurone PSVs do not have a crystalline lattice arrangement" and that "the intravacuolar membrane system in maize aleurone PSVs is not exclusively associated with the zein-containing inclusion but extends throughout the PSV matrix" do not in any way exclude the model shown in Figure 1B because, as noted above, the intravacuolar membrane system in PSVs in the Brassicaceae, including Arabidopsis, lacks a crystalline lattice arrangement and extends throughout the PSV matrix.
Two additional observations may be relevant. The immunoelectron microscopy results with antiserum to Zm-TIP3-4 cannot be interpreted. It is stated that this protein is ER specific, but the only reference (Holding et al., 2007) provides no documentation, neither to the protein's distribution within cells nor to the preparation of characterization of an antibody to it. In addition, Zm-TIP3-4 is not present in the National Center for Biotechnology Information protein database (www.ncbi.nlm.nih. gov/protein?term=zmTIP3-4). Sequences of Zm-TIP3-1 and TIP3-2 are available, and these are homologs of a-TIP in Phaseolus vulgaris (Chaumont et al., 2001 ). a-TIP, when present together with d-TIP, is a specific marker for the PSV tonoplast (Johnson et al., 1989; Jauh et al., 1999; Jiang et al., 2000) , so, assuming that Zm-TIP3-4 is similar to TIP3-1 and TIP3-2, it is surprising that the antibodies to Zm-TIP3-4 do not label the PSV tonoplast in maize aleurone but rather label the periphery of protein bodies in PSVs. Additionally, antiserum to Arabidopsis ACA2, a calciumdependent ATPase, was found to label the interior structure of protein bodies in vacuoles; it is difficult to understand how such a protein would be present in the interior of protein bodies, and one wonders if this labeling represents cross-reactivity by the antibodies to some non-ATPase protein in maize. This concern is relevant because, in both instances, apparently crude antisera were used rather than affinity-purified antibodies. Thus, in the absence of results using preimmune sera from each rabbit, one cannot be sure the signals result from antibodies raised to the proteins used for immunization.
CONCLUSION
While the discussion above by no means excludes the possibility that autophagy is involved in the ER-to-PSV pathway in maize aleurone, it provides experimental results in dicot systems from several different groups that would appear to be consistent with the findings of Reyes et al.
Perhaps the protein markers for ER vesicle budding/membrane internalization and for the internalized membranes within the PSV prevacuolar organelles will be useful for these authors in the future. Their expertise in microscopy may allow them to capture in more detail specific steps in the process predicted from the dicot system and thereby clarify specific mechanisms.
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In his Letter to the Editor, John Rogers comments on two topics related to our recently published article on prolamin trafficking in maize (Zea mays) aleurone cells . First, he states that a variety of prevacuolar compartments have been described in plants and that the ones we have found in maize aleurone cells may correspond to some of these already characterized prevacuolar structures, such as the ones described by his group in Arabidopsis thaliana and tobacco (Nicotiana tabacum; Oufattole et al., 2005) . Second, he proposes that the presence of ribosomes and membranes within the aleurone prevacuolar compartments can be explained by a process different from autophagy.
We are aware of the reports on multiple types of prevacuolar compartments found in other species, and we have also discussed the main types in our article . However, as stated in our article, it is very difficult to assess how these different types of prevacuolar compartments relate to each other because they have been identified and characterized by different methods. For example, one of the prevacuolar structures described by Rogers' group (Oufattole et al., 2005) has been visualized only by means of immunofluorescence microscopy in protoplasts that were transiently overexpressing heterologous and chimeric proteins and that were chemically fixed and detergent extracted prior to immunolabeling. By contrast, characterize the naturally occurring prevacuolar compartments in seed tissues using state-of-the-art electron microscopy and immunolabeling techniques. The Oufattole et al. (2005) study also lacks an ultrastructural description of the prevacuolar compartments of transiently transformed protoplasts and does not provide information on whether those prevacuolar compartments contain cytoplasmic materials, such as ribosomes and membranes of endoplasmic reticulum (ER) origin. Thus, until more experimental data on the prevacuolar compartments described by Rogers and coworkers becomes available, it is impossible to know if those compartments are identical to the ones described by us in aleurone cells.
Rogers also presents a model of how ERderived prevacuolar compartments could internalize ribosomes and membranes in a process that would not be considered autophagy. This model postulates that two proteins, SRC2 and VAP (Oufattole et al., 2005) , have the ability not only to bind ER proteins but also to induce the internalization of ER membrane and ribosomes at the binding site. Since this model currently lacks solid experimental support, we do not feel that it presents a realistic alternative to the model presented by . In particular, the event illustrated in Figure 1B in Rogers' letter would lead to the formation of a disc-like structure on one side of the released protein body. We have imaged several small membrane-bound protein bodies containing prolamins and small globoids (one is depicted in Figures  5A and 5A ' of ) that were completely detached from the ER. None of these protein bodies exhibited a disc-like structure, internal membranes, or ribosomes, suggesting that membrane and ribosome internalization occurs after protein body budding. Rogers' hypothetical membrane deformation process also lacks support from structural studies not only in plants but in any type of eukaryotic cell, and the proposed membrane internalization mechanism cannot be deduced from sequence information of poorly characterized proteins. Finally, even if this mechanism were responsible for the internalization of ER membranes and ribosomes into protein bodies, one could argue that it should be viewed as a variation of a microautophagytype process. Indeed, multivesicular bodies, which also function as prevacuolar www.plantcell.org/cgi/doi/10.1105/tpc.111.231240 compartments in plants, have been reported to internalize cytoplasmic material by microautophagy in animal cells (Sahu et al., 2011) .
We agree with Rogers that prevacuolar compartments offer many exciting research opportunities and that more work should be done to understand common features and origin of prevacuolar compartments in plants. However, whereas the model presented by 
